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. whic~ maxbe borrowed.for-two weeks. ' Our current understanding is now sufficient to state that indoor concentrations of important a~rborne pollutants often exceed outdoor levels, an ironic state of affairs considering the substantial efforts that have been devoted to characterizing and controlling outdoor pollutant levels, and the fact that the population actually spends most of its time indoors.
For pollutants where such comparisons are possible, indoor concentrations often exceed outdoor air quality standards, sometimes by large factors, and --for some pollutants --indoor concentrations even appear to exceed occupational standards in a significant portion of the building stock.
Hence the interest in devoting substantial efforts to this problem, including the aspect that I will emphasize, i.e., the characterization of indoor pollutant behavior.
In addressing this question I will include the behavior of several classes of chemical and physical pollutants:
emissions from combustion appliances; radon and its progeny; and formaldehyde and other organics. I will not review various living organisms present in indoor air, or even special chemical and physical materials that are sometimes present.
As you will see, this question of the dependence of indoor pollutant concentrations on sources, ventilation rates, and other removal mechanisms, for which I use the expression "indoor pollutant behavior," is closely tied to understanding how energy conservation is related to indoor air quality.
In what follows, I will 1) indicate briefly the role of research on indoor pollutant behavior in the context of overall research on indoor air quality;
2) summarize key aspects of the work of our group at Lawrence Berkeley Laboratory (LBL), on-.. Cindoor air qualit~ emphasizing questions of pollutant behavior and pointing out the most important research needs in these areas;
3) review specifically the current state of knowledge of particulates, radon progeny, and their control; and finally 4) summarize general research needs on the behavior of indoor pollutants, indicating how this research ought to fit into the overall work to be performed on indoor air quality.
Characterization of Pollutant Behavior: A Principal Element in Indoor Air Quality Research
Broadly speaking, the ultimate objectives of indoor air quality research are to determine human exposures by measurements of pollutant -1-concentrations ("monitoring"), to ascertain the effects of these exposures on the health of the population ("health studies"), and to formulate strategies to limit exposures and associated health effects ("control strategies").
It is easy to leave out a fourth principal topic that is investigated to a greater extent in the laboratory and which to a substantial degree underlies these three more apparent research areas, i.e., pollutant characterization.
A satisfactory understanding of indoor air quality clearly requires study of how pollutants behave indoors:
the sources of pollutants, the effect of changes in ventilation rate on concentrations, and the manner in which pollutants are transformed or removed by interactions with each other or with the building and its contents. Moreover, study of these questions is clearly required to achieve the main objectives of indoor air quality research:
monitoring cannot be performed properly or interpreted adequately without laboratory studies of pollutant behavior and, conversely, the results of largescale monitoring contribute directly to an understanding of the factors determining pollutant concentrations in the actual building stock; health studies require adequate characterization of the pollutant mixtures to which humans are exposed, which are sometimes even parameterized in terms of the factors, such as sources and ventilation rates, which affect these concentrations and control strategies can only be chosen with an understanding of the factors affecting pollutant concentrations and of the effectiveness of various techniques for reducing them.
The situation is entirely analogous to understanding important problems with the outdoor atmosphere, such as acid rain or co 2
• For such questions, outdoor monitoring is only one component in.a research strategy that must also contain experimental and theoretical ·studies, often laboratory based, to elucidate the chemical and physical mechanisms at work and to provide a basis both for interpreting measurements performed in the atmosphere and for adopting control strategies.
As you will see, much of the work of the group at LBL is directed to analogous characterization studies that are fundamental to an understanding of indoor air quality.
Such studies are, of course, at the heart of understanding the relationship between energy conservation and indoor air quality. It is the building shell, its contents, and local physical and environmental factors that determine pollutant concentrations indoors.
In general, these are the same factors that affect energy consumption in homes and other buildings.
Conversely, efforts to save energy can alter bu~lding-related factors, including not only ventilation rates, but also material and appliance source types and other factors affecting concentrations. Moreover, efforts to control indoor concentrations, whether increases due to energy-saving measures or concentrations that were excessive in any case, require attention to such building-related factors.
Indoor Air Quality Studies at the Lawrence Berkeley Laboratory
Work on indoor air quality at LBL began with a study sions from combustion appliances, following measurements -2- homes that showed that concentrations of key ·combustion products were often much higher indoors than outdoors, although air quality standards presumed that outdoor levels were those of concern (Ref. 1).
Beginning in 1976, the program expanded substantially, in order to ascertain the potential effects of energy conservation measures on indoor air quality and to understand how to avoid significant deterioration. This program has had diverse elements, many of which I will indicate briefly.
Before proceeding to the core of that work, most of which has been performed in the laboratory or in "research houses," I should mention that one of the major elements of this expanded program was a large mobile laboratory that traveled around the country to a variety of homes and other buildings, carrying with it instrumentation for monitoring a wide range of pollutants intensively over long periods of time (Ref. 2).
The mobile lab effort gave a substantial amount of basic information on the occurrence of these pollutants indoors (e.g., Ref.
3).
What it also indicated fairly clearly, consistent with our earlier work, was that the major question for indoor air quality was not the pollutants that entered from outdoor air, but rather those released directly into buildings from the materials or appliances that generated them. Although there are exceptions to this generalization, this meant that characterizing indoor air quality was principally a question of the study of indoor-generated pollutants.
The major connection with outdoor air quality issues is that the vast attention paid to improving outdoor air quality and controlling emissions into the general environment, while important, has tended to ignore the fact that most human exposures to air pollution may occur to the general population in their homes and non-industrial work places, where levels often far exceed outdoor levels and where people spend most of their time.
Our research has therefore tended to emphasize characterization of the dependence of indoor concentrations on sources, ventilation rates, and other factors that cause.pollutant transformations or removal indoors. combustion products: Our group has characterized emissions rates from gas stoves, kerosene heaters, and unvented gas-fired space heaters in an environmental chamber, and has also studied these devices (and wood stoves) in test houses.
The objective has been to determine, not only their effect on indoor concentrations, but also the manner in which emissions propagate through a structure under various ventilation conditions.
The result of such work is the knowledge that some emissions, such as oxides of nitrogen and carbon, can reach very high levels indoors.
Even so, it is clear that further work is required in characterizing emissions from combustion appliances, and in understanding their transport and transformation properties (e.g., NO/N0 2 conversion) in indoor atmospheres.
These issues are important, nof only for understanding potential exposures and control measures, but also for characterizing the performance of monitoring instrumentation and the effectiveness of potential measurement strategies. (See Figs. 1-2 and Refs. [4] [5] [6] [7] [8] radon and its progeny:
We have measured radon emission rates
• .. 
..... Figure 3 (top) Measured radon concentrations and ventilation rates in energy-efficient and conventional houses (about 100 houses total).
Figure i (bottom) Radon concentration, radon source strength (calculated from the radon concentration air-exchange rates), alpha radioactivity in soil gas and in air above a basement sump pump. Data are from a singlefamily house near Chicago.
-5- Temperature Figure 5 Comparative gas chromatograms from inside and outside an office where complaints had been registered regarding indoor air quality. Equal size air volumes were sampled using the Tenax-GC polymer. Individual peaks correspond to different chemical species or groups.
-6-from concrete samples collected around the country, and have performed concentration measurements and ventilation rate measurements in several samples of housing.
This work led us to the conclusion that the main source of indoor radon is usually the soil and rock underlying buildings, and that it is the variability in the entry tate from this source that causes most of the hundred-or thousand-fold differences in radon concentration seen from house to house. Thus ventilation rate is not ordinarily the main consideration for indoor radon.
We and others in the community are now heavily engaged in studies to understand in more detail how radon enters houses and how radon progeny behave after they are created from the radioactive decay of radon in indoor air.
As described below, the behavior of the progeny· depends heavily on their interaction either with . airborne particles (e.g. from combustion sources) or with the building structure and its ventilation systems. (see Figs. 3-4 and Refs. [9] [10] [11] [12] [13] [14] [15] formaldehyde and other organics: Work on formaldehyde has demonstrated a clear dependence of the indoor concentration on a building's materials or contents; future work ought to include study of the dependence of formaldehyde emission rates on indoor conditions: temperature, humidity, and ventilation rate.
Our work on organics, in addition to demonstrating directly the presence of a large array of compounds in commercial buildings at levels that far exceed concentrations outside the buildings, has focussed on characterization of he emission spectrum from various building materials and on the correspondence between this information and the substances actually found to be present in indoor air.
Further work required is the determination of emission rates in an environmental chamber that can provide realistic conditions, the development of more effective (e.g., simpler) monitoring approaches, and the establishment of a data base for developing a correspondence between concentrations observed in buildings and health effects among the occupants. (See Tables 1, Fig.  5 , and Refs. [16] [17] [18] [19] development and characterization of passive samplers: In support of our interest in elucidating the dependence of indoor concentrations on various factors, we have devoted significant effort to advancing the state of the art of passive samples, including testing of the performance of an N0 2 sampler that was previously available, development and testing of a formaldehyde sampler that is now widely used, and --currently --development of samplers for CO and water vapor. The facility we have established is unique in its capabilities for characterizing performance of such integrating passive devices. It can therefore lend direct support to formulation of large-scale monitoring efforts that use such samplers.
It can also be used for developing novel applications of these devices to the measurement of air velocity and ventilation effectiveness, questions that are of substantial interest in characterizing the behavior of indoor air pollutants. (See Figs. 6-7 and Refs. 20-21) control techniques: Our largest effort in this area to date has been the characterization of the thermal performance and environmental effectiveness of systems that provide ventilation, thereby removing pollutants, while incorporating air-to-air heat exchangers to recover heat that would ordinarily be lost with the ventilation air. Recent -7- work includes the study of the effectiveness of this approach in providing ventilation throughout the space in single-family dwellings, study of ventilation effectiveness for other types of systems, and experiments on the use of air washing to remove formaldehyde from indoor air.
Substantial work remains to be done, not only on the topics just mentioned, but on other pollutant-specific control techniques, ranging from exam1n1ng how different wall materials selectively remove chemically active airborne pollutants (such as N0 2 or radon progeny) to the effectiveness of various active air-cleaning and ventilation techniques.
Examples are given below in the discus- Some general conclusions can be derived from this broad range of work on indoor pollutants:
--perhaps most significant from the point of view of energy conservation is that, although it is clear that a substantial reduction in ventilation rates (e.g., by the factor of 5 or so that is within technical reach) would have a strong adverse effect on indoor air quality --at least in the absence of corresponding control measures --the main cause of widely different indoor concentrations in the ordinary housing stock is the strength of pollutant sources rather than the variability in ventilation rates. This is not to say that ventilation rate is not important, but rather that assurance of good indoor air quality requires attention.to both sources and ventilation rates, · as well as other factors that affect indoor concentrations.
monitoring programs and exposure characterization have to take account of the various factors affecting indoor concentrations, and should ordinarily include components for acquiring information on source and ventilation characteristics.
--strategies for controlling indoor pollutant levels, whether in the context of conservation programs or for the purpose of reducing excessive levels within the general housing stock, should take account of the dependence of the performance of various control techniques on source and ventilation characteristics; moreover, consideration of the dependence of concentrations on housing type or location, or on the presence of specific materials or appliances, can focus control efforts much more effectively than would otherwise be possible.
Perhaps the most general conclusion to be reached is the need for continued work investigating the dependence of indoor concentrations on various factors, work that should be carried out in close cooperation with efforts to monitor indoor concentrations within the building stock, to understand the health effects of indoor pollutants, and to formulate strategies for their·control.
Finally, it is worth mentioning that this summary of LBL work is not comprehensive, but indicates the main results of our efforts.
I have referred to some of our group's publications, in particular the principal ones associated with the work summarized above. These efforts have been supported primarily by the Department of Energy's Office of Conservation and Renewable Energy, to a somewhat lesser degree by DOE's Office of Health and Environmental Research, in the Office of Energy Research, and to a yet smaller --although still substantial --degree by the Bonneville Power Administration, the -10-Environmental Protection Agency, and the Consumer Product Safety Commission.
Continuation of research in the areas indicated above is dependent on the balance of funding in the future.
Particulates, Radon Daughters, and Their Control I will now turn to a review of the state of knowledge of indoor particulate concentrations, both because this is appropriate to the structure of these hearings and because particulates represent a prime example of the need for the kind of characterization effort that I emphasized above.
Along this line, I will address the question of interactions between particulates and radon daughters and the implications for control of either of these species.
However, I will first touch briefly on the information now available on indoor particulates.
Knowledge of the sources, concentrations, and chemical composition of indoor airborne particulate matter is only fragmentary. Moreover, even more than for other indoor pollutants, the suitability of comparisons with outdoor concentrations or standards is ,questionable since measurements are often acquired on a different basis and the outdoor (national) standards simply cite total suspended mass, taking no account of differences in size or composition. Moreover, as will probably become evident in the second day of hearings, there are corresponding difficulties in ascribing health effects to particulate exposures, whether outdoors or indoors.
Still, it is known that indoor concentrations of total particulates or respirable particulates (those with size in the range .of a micron or less) often approach or exceed outdoor levels or the standards that are 'applied outdoors. The strongest source of particulate indoors is cigarette smoking, to which almost the entire population is exposed either at home or elsewhere.
Particulates also arise from any combustion appliance, from various types of materials indoors, and --of course --from the air that enters from the outdoors.
However, the building shell can act as a significant barrier to entry of particulates, and --in any case --it is typically the particulates that are generated indoors that are of more concern.
A modest amount of work has been performed in characterizing the chemical and physical form of particulate matter that is found indoors or that is emitted from various indoor sources.
It is known, for example, that the particulates in indoor air due to cigarette smoking contain a large number of compounds, many known to be carcinogenic, and that these particulates --like most found indoors --are in the respirable size range.
For the most part, combustion appliances generate a relatively small amount of particulates, but --in some cases (e.g., wood stoves) --their composition is such as to be of concern, and the presence of higher-than-average numbers of particles in the air may any case have significant implications for other pollutants that are present.
Substantial work remains to be done to characterize the amount, size, and composition of particulate matter in indoor air.
This will require substantial monitoring efforts in existing buildings and, perhaps even more important, fundamental studies of the behavior of particles indoors. - 
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We are unable to say much about particulate behavior, even though as for the outdoor atmosphere --it lies at the root of some of the main questions.
For example, we know little in general about the interaction of particulate and gaseous species indoors.
And although we do not expect the specific smog reactions that are so important outdoors to occur substantially indoors, there is every reason to suspect that gas-particle reactions can be important.
This could include reactions between particulates and gaseous combustion products, condensation of organic compounds on particulates, and interactions between particles and radon daughters.
The last type of interaction is known to pave a profound effect on radon daughter behavior indoors and on the health effects associated with exposure to radon daughters. I will now turn briefly to these questions.
Unlike radon itself, a gas that does not interact chemically, the decay products (or progeny) are chemically active and can attach to airborne particles or to walls, can be collected efficiently in air cleaning devices, and can also deposit in the lung -either directly or along with particles to which they are attached -when they are inhaled. I point out two key factors in considering the importance of attachment of the progeny to particles: first, in the absence of particles, the progeny tend to stick to walls at greater rates, so that they cannot be breathed, but, secondly, a greater portion of the particles rema1n1ng in the air under such conditions remain unattached.
The progeny that are unattached are thought to have a greater probability of causing significant radiation exposures (and hence added risk of lung cancer). Thus it is not clear whether low particle concentrations are an advantage or a disadvantage.
In any case, a good deal of study is now being given to the determination of progeny attachment rates to particles in various size ranges, since this will in any case affect strategies for controlling exposures to radon progeny.
I can point specifically to work being performed at LBL's radon research house, a facility that was established to study the behavior of radon progeny (and which has also been used for a number of other studies).
A key element in the particle/radon-progeny studies has been characterization of mechanisms affecting progeny concentrations, and these have included attachment to particles, attachment to walls, and removal by air-cleaning systems or devices. Study of air-cleaning has also been an interest of our group from the simple perspective of particulate control. An example of work that relates to both of these questions has been a recent study of the performance of a variety of stand-alone air-cleaning devices, as distinguished from those incorporated into a whole-building heating or cooling system. In these studies, we determined the effectiveness of these devices for removing particles in various size ranges and for removing individual radon progeny, using the unusual capabilities of the radon research house.
Not surprisingly, the effectiveness of the several devices 
....
9.00 11.00 13.00 15.00 17.00 19.00 21.00 23.00 25.00 -13-measurement in terms of total particulate mass, occasionally in terms of particle size, and virtually never in terms of the effect on particular chemical or physical species, e.g., organics or radon progeny. In general the overall effect of air-cleaning devices on the pollutants present in indoor air is simply not known. The effectiveness of such devices and in fact of any control technique will only be understood in the context of future research on the behavior of airborne pollutants indoors, giving due weight to the interactions that pollutants have with each other and with the building and its contents.
Indoor Air Quality Research Needs and Cooperation Requirements
Most will agree that a substantial amount of research remains to be done in the area of indQor air quality, and I have emphasized requirements for characterization of indoor pollutant behavior, which --in turn -~ is closely tied to understanding the implications of energy conservation measures for indoor air quality.
A summary of research needs in the areas I have treated will make clear the strong connection between this work and that required for monitoring, health studies, and formulation of control strategies.
For each·of the pollutant classes I have discussed--combustion products, radon and its progeny, and formaldehyde and other organics --and also for those I haven't treated --spores, viruses, lead, asbestos, etc. --further attention has to be given to the origin of the various species, to their interactions once they are in the air, and to their removal by ventilation and other mechanisms. The balance of work remaining in these areas depends on the pollutant class:
--combustion emissions have been adequately characterized for some appliances, but much remains to be done on the effects of combustion modification, on the effectiveness of local versus general ventilation, and on the interaction of these emissions with other species and with the building structure and air-cleaning techniques other than ventilation.
--radon and its progeny are known to have a wide range of concentrations indoors, dependent mainly on entry rates, and future work ought to emphasize the potential for systematic identification of houses with high source strengths, the mechanisms for radon entry into houses, and the behavior of radon progeny indoors.
--Formaldehyde and other organics are known to arise from a large variety of building materials, as well as from combustion processes, and the areas requiring study are the dependence of emission rates on temperatures, humidity, and ventilation rates, the potential for reducing these emission rates, and --in the case of organics --more effective monitori~g techniques.
Elucidating these questions in the laboratory or in small numbers of homes often requires the development of sophisticated techniques for performing intensive and detailed measurements.
At the other extreme, studying the dependence of indoor concentrati.ons in the building stock at large requires simple, inexpensive monitors. The capabilities for development and characterization of such devices is an important element in programs for monitoring indoor air quality on a large scale, as discussed below.
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techniques that require further study include modification of sources, emission reduction by sealants or local ventilation, and removal from indoor air by general ventilation, air filtration, or use of adsorbent materials.
Such work as I have described, which is emphasized by our group because of its connection with building design and operation, and hence energy conservation measures, is clearly connected with interests of agencies other than the Department of Energy (DOE): the Consumer Product Safety Commission (CPSC) is interested in effects of appliances, materials, and other products used indoors; the Environmental Protection Agency (EPA) has a definite interest in exposure to air pollutants, many of which are found indoors; and the National Institutes of Health (NIH) has an interest in the health effects of such exposures.
Thus it would not be difficult to associate the EPA with monitoring, the NIH with health studies and DOE and CPSC with characterization, employing the terms used above. Yet these areas cannot be separated entirely, although the main interests of specific agencies or scientific disciplines can be defined generally.
An example of the need for collaborative effort among the scientific community, and of joint support from the agencies, is the prospect of a large-scale program to characterize indoor pollutant concentrations, building-related factors, and occupant health in a sample of many thousands of houses selected across the United States~ A summary of what such a program might entail is given in an attachment to this statement.
The objective would be to select a large "full sample" of housing in which a number of key pollutants are measured, using integrating passive samplers of the kind discussed above, in which building characteristics related to sources and ventilation. rates are examined, and for which information on acute and chronic health effects of the occupants is acquired.
In a subsample, more intensive measurements would be performed.
Given our present knowledge of indoor air quality and the present state of the art in monitoring, the objective of this program would be to make a giant step forward in understanding the distribution of pollutant exposures among the general population, the association of these exposures with building-related factors, and the health effects that may be associated with these exposures.
It would obviously require a strong collaborative effort, drawing on the full resources of the scientific community, and bringing physical and health scientists together to a degree that has not yet occurred in this area. The support and development effort required to move forward with this program could reasonably be carried forward with funding from normal healthy agency budgets.
The main monitoring phase would probably require a specific appropriation.
Effective progress on this and other major elements in a vigorous program on indoor air quality has as a principal requirement substantial support from the federal agencies, as indicated in the second document that I have attached.
The consensus of all studies of needs -15- 
But, presuming such federal support, coordination of the effort, for example in a national indoor air quality survey, is obviously necessary. This must entail cooperation at two levels:
clearly the agencies themselves need a mechanism for identifying their principal responsibilities and for communication of research results, and secondly the research community itself could improve its own awareness and selection of the wide range of research projects required, while at the same time more effectively providing advice to the supporting agencies.
The first requirement can be satisfied by resurrection of an interagency committee on indoor air quality.
Constitution of a national scientific committee on indoor air quality would help the research community keep track of research progress and priorities, while advising the agencies effectively.
How to create effective cooperative mechanisms is a topic on which I will not say more.
In fact, I would offer the caution that coordinating mechanisms be defined in a way that still manages to encourage initiative and creativity at the level of both the federal agencies and research groups.
Progress in understanding indoor air quality is like any public issue that has a major scientific component.
Resources must be devoted to basic scientific work, to large-scale information gathering, and to technical and policy decisions on appropriate strategies for dealing with the basic issue, which in this case is the public health consequences of indoor air pollutants.
The best progress in each area can be had by charting a course of research that effectively addresses the main questions, expecting active cooperation among the participants and anticipating that there will be some modest overlap. Rather than being waste, such cross-fertilization can give rise to new points of view and novel approaches that will ultimately speed us toward our objectives. These are characterization of the extent and health implications of indoor pollutant exposures, as well as the factors affecting indoor pollutant concentrations, and formulation of strategies for assuring good indoor air quality. Our basic understanding of indoor air pollutant concentrations and how they may be measured conveniently has now advanced sufficiently to warrant the beginning of efforts to conduct a national survey of indoor air quality, carried out on an interagency, interlaboratory basis. The objectives of this survey would be to determine average concentrations of key pollutants to which the U.S. population is exposed, to delineate the range of concentrations and their dependence on building features, geographic location, and use patterns, and to use this dependence on concentration to examine the health effects of key indoor pollutants.
The differing objectives correspond roughly to the differing interests of various Federal agencies. For example, it is the dependence of indoor pollutant concentrations on building characteristics and ventilation (rates and patterns), both connected to energy use, that gives rise to Department of Energy (DOE) interest in this program. Environmental Protection Agency (EPA) interest arises directly from the question of indoor human exposures and their contribution to total exposures. Similarly, the National Institutes of Health (NIH) has an interest in efforts intended to delineate the connection between health effects and indoor airborne pollutants that may be causative agents.
Accomplishing these objectives will require substantial efforts on the part of the entire indoor air quality research community and the support of the several Federal agencies with an interest in indoor air quality, as well as the cooperation of private-sector energy research institutes and analytical laboratories. Members of the research community have been holding discussions among themselves and with Federal agencies and other entities on how such a national survey might be undertaken. This survey is generally acknowledged to be a principal element in national efforts to characterize indoor air quality.
Technical Approach:
The overall structure and major elements of such a program are yet to be determined.
The major thrust of the program will be the monitoring of key indicator pollutants, using simple techniques, in many thousands of homes across the country, at the same time acquiring information--based on questionnaires--on the homes being monitored and on the health of the occupants.
The program would provide basic information in three areas: pollutant concentrations, the various factors that affect them,.and the health effects caused by them.
Considering the monitoring techniques available or soon to be available, the pollutants measured will presumably include nitrogen dioxide, radon 222, formaldehyde, and possibly carbon monoxide, but others may also be included in the full survey sample. In addition, more intensive investigations will be undertaken in a subset of the full sample, with several purposes: first, to obtain at least a modest amount of information on a more complete pollutant spectrum (including, for example, particulates and volatile organics) than is practical in the full sample; second, to help establish a basis for interpreting the results from the full sample, i.e., by using the subset to study the dependence of concentrations on time, environmental condition §_,_Ese~atterns, and detailed building -20-and ventilation characteristics; and, third, to obtain more detailed health-related information, as appropriate.
Major organizational questions include scientific direction of the effort, mechanisms for interagency support for the study, and the involvement of utilities and private-sector laboratories in actually performing the full sample survey. The indoor air quality research community is highly diverse, and ultimately many parts of it would be involved in this program. For the time being, members of a number of U.S. research groups are engaged in discussions about the form, funding, and implementation of such a survey.
Key objectives for the next two years appear to be:
1. design and planning of the survey and performance of supporting development work that may be required; and 2. implementation of a pilot study using the techniques that are tentatively selected for the main survey.
During the second year, in parallel with a pilot survey, substantial effort will be devoted to selection of the main study sample, final design of the survey, including the protocols for both the full sample and the intensive subsample(s), and creation of the cooperative infrastructure for performing the measurements. Any development required will be performed in parallel with these efforts. On completion of this preparatory work, the main survey itself can actually be conducted and the results analyzed. The full survey sample will have three major elements:
1. monitoring of the key pollutants of interest, such as those indicated above, relying primarily on simple passive samplers, many of which are already available;
2. characterization of the buildings being monitored, including visual inspection of key source and ventilation-related characteristics, and information on use patterns, all intended to investigate the correspondence between pollutant concentrations and factors such as sources, ventilation rates, other removal mechanisms, and occupant behavior; and 3. survey of the health of the occupants, including both acute and chronic health information relying on epidemiological survey instruments of proven design; thought is now being given to cluster sample approaches that would focus efforts in a number of geographic areas, with stratification of the sample in each cluster based on building and population characteristics. However, to capture the full range of pollutant dependencies, the full sample may need a component that is dispersed beyond a small number of clusters.
These three elements can be related directly to the interests of the Federal agencies with principle interests, although ultimately all of the components are interrelated. The intensive subsample studies would be designed to investigate each of these elements in more detail, as -21-necessary, to maximize thebreadth and reliability of results from the program.
Program Implementation:
This overall effort will take 4 to 5 years, with a total funding of $10 to 15 million over this period. Annual funding of about one-tenth this amount (i.e., $1-1.5 million or so a year) can reasonably be expected to be taken out of ordinary agency funding for indoor air quality, provided the agencies have vigorous efforts in this area. However, about half the total effort will be devoted to procurement for, and conduct of, the main study itself, requiring a specific allocation of funds.
The base funding indicated above from the various agencies will support the initial objectives indicated above (design and planning of the survey, plus conduct of a pilot study) and will provide continued technical support of the main survey effort from the principal scientific groups. Procurement for the main survey will begin during the second year, and the main monitoring effort will be undertaken during the third year, with completion by the fourth. Analysis and interpretation of the data will be· performed periodically as results flow in, with completion of analysis during the fourth (and fifth) year.
Substantial care has to be taken in the creation of an effective interlaboratory approach to accomplishing this key element of a vigorous program of indoor air quality research. A notable aspect of the program will be the active collaboration of different scientific communities to accomplish the characterization, monitoring, and health-related objectives.
The work will undoubtedly require the guidance of a national scientific advisory board, as well as the active assistance of the various agencies, presumably coordinated through an interagency committee. The next step is to define more fully a conceptual design for the program as a whole, paying specific attention to: the pollutants to be monitored, instrumentation selection, statistical design, selection of full and intensive samples, characterization of building-related factors, acquisition of health information, etc. Once this is done, the various scientific groups can begin explicit effort to carrying out the program objectives.
-22-. -Introduction A major part of human exposure to air. pollution occurs indoors to the general population in their own houses and offices. Exposures of comparable importance occur due to outdoor pollution and to occupational exposure from specific work-related emissions. In the United States, thousands of deaths, and a much larger incidence of sickness or acute distress, occur annually due to outdoor and occupational exposures. This has been the main reason for the assignment of substantial and explicit responsibilities for controlling these exposures to the Environmental Protection Agency and to the Occupational Safety and Health Administration.
The amount of illness and death ar1s1ng from indoor exposures appears to have a similar scale. This has prompted a number of agencies to begin research programs over the last decade or so with the purpose of either characterizing or understanding how to control indoor air pollution in respects that are consistent with the missions of each agency. In spite of the importance of this question, the total federal allotment to research on indoor air pollution is only a few million dollars per year, a small fraction of the funds devoted to programs on outdoor or occupational exposures.
This commitment is extremely small considering the thousands of deaths per year (and larger incidence of illness) that can be attributed to exposure to indoor air pollutants. Considering the complexity and importance of the indoor air pollution question and considering the potentially adverse impact on indoor exposures of new products and building designs (especially those intended to save energy), research efforts in this area ought to be increased significantly. Explicit acknowledgement of the special roles of several agencies in this area would also be helpful.
Considering the significance of indoor exposures, substantial concern arises from the potential effects of energy conservation measures on air quality in the indoor environment. One of the most popular and cost-effective means of conserving energy is weatherization--the reduction of outdoor air infiltration--a measure that can result in increased concentrations of indoor-generated pollutants.
In larger buildings ventilation rates are reduced to save energy with similar effects on indoor air quality. Thus, elevated indoor air pollutant concentrations, which in some instances are already high enough to be a problem, may result from the implementation of certain energy conservation measures. Unless specific controls are simultaneously applied, or intervening factors occur, either the pace of building energy conservation programs will be constrained or indoor air quality will suffer.
Coping with current lev~l~ of indoor pollutants, which now vary over thousand-fold ranges within he housing stock, and with the potential effects of energy-conser\ ~ion measures, requires substantial attention to indoor pollutant behavior.
This requires characterization of: 1) indoor sources, and the factors affecting emission or entry rate, 2) the effect of ventilation rates and patterns, including questions of local versus general ventilation and of ventilation effectiveness, and 3) removal due to other mechanisms, such as interactions between pollutants and attachment to walls or HVAC system components. In the context of such work, -23-we can understand the dependence of indoor concentrations on buildingrelated factors, including energy-conservation measures and techniques to control indoor pollutant levels. This understanding enables us to proceed with energy conservation programs while providing for good indoor air quality.
Indoor pollutants can arise in different ways, and the origin of a particular pollutant affects the applicability of particular control strategies.· Pollutants enter from outdoors. All pollutants found in the outdoor environment (e.g., NOx, SOx, CO, TSP, microbial spores, dust, pollen, etc.) can infiltrate indoors. In addition to outdoor air, soil gases (e.g., radon) may find their way directly into buildings in significant quantities.
Pollutants are generated by indoor activities.
Domestic sources include routine cooking, cleaning, smoking, hobbies, use of sprays, and emissions from the human body. Some heating appliances, such as unvented kerosene or gas space heaters, can emit very large amounts .of pollutants into the indoor environment.
Pollutants can be emitted from building construction materials. Building materials, including concrete, wood products, paint, plastics, and insulation material may emit a variety of pollutants, including radon, asbestos, formaldehyde, and other organics.
As an indication of the last question, the status and general applicability of control via ventilation, air cleaning, source removal/exclusion, and source substitution are summarized in Table 1 .
An additional method, education of· the inhabitants, does not involve a system, as such, yet may well be an effective approach in controlling indoor air quality. These various control methods are not always independent. Finally, any indoor air quality control strategy should satisfy health, safety, comfort, and energy conservation objectives while minimizing costs and changes in the way of life.
Work at the Department of Energy, which has the most apparent responsibility for research on energy conservation and indoor air quality, has emphasized the effect of building design, including energyrelated features, on the sources, concentrations, behavior, and control of indoor pollutants. As indicated below, the primary roles of the various agencies appear to differ from one another, and cooperation is required to avoid gaps or an undue amount of overlap in the areas being investigated.
In addition, industry has a substantial role to play in this area, focusing largely on their particular interests.
Historically, federally-funded research has led industry efforts on indoor air quality. This is not surpr~s~ng since--unlike those of industry--federal efforts have an explicit interest in detailed characterization and exposure monitoring, applied in a consistent manner to the various aspects of indoor air pollution. Industry has a clear role in evaluating its own products in a manner that is consistent with the developing picture on indoor air quality. Efficiency as a control strategy is not well documented, but is expected to vary considerably. Noise considerations and high indoor pollution levels may limit· effectiveness.
·Ordinarily unintentional air leaks; energy waste is closely associated.. Widely used in residential environments.
Efficient control strategies for both small and large buildings; research needed to quantify the efficiency of each strategy.
Pollutant dependent; effectiveness requires further documentation. Contaminant control devices are often large, expensive, noisy and require maintenance.
Can be very effective but requires extreme care in application to assure effectiveness; retrofit application may be very costly. Research needed to improve effectiveness.
Has not been widely used; feasible if the source is substituted with an equally functional alternative that does not generate indoor pollutants.
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The Need for a Government Role in Indoor Air Quality
Based largely on research that had been performed during the 1970's, several international, national and industry or standard-setting organizations have recognized the importance of the ongoing work on indoor air quality to the extent that commitments were made to workshops, expert studies, and substantial research programs in this area. As examples, a World Health Organization working group report in 1979 said: "Since man spends up to 70% of his time (indoors) and air quality indoor was usually somewhere between that outdoors and in the occupational environment, further studies should be made on indoor air quality, the factors that affect it, and its role in the total adverse health effects" of air pollution. "Responsibility for conducting a well-coordinated investigation of influence of building design and operational factors on the concentrations of pollutants in both residential and commercial facilities should rest with federal government, assisted by the appropriate professional and scientific organizations," with the initial focus of investigation on:
"the effects of buildings on tants; reducing infiltration rates in existing concentrations of indoor-generated air polluthe effects of materials of construction and furnishings on indoor-pollutant content; the difference in air distribution, diffusion, m~x~ng, etc., associated with the use of different climate-control systems; the effectiveness of air-cleaning systems in capturing pollutants in recirculating air."
The need for a greater federal role in research on and assurance of indoor air quality had also been called to the public attention in 1979 by an Office of Technology Assessment report that said:
"It is now clear that indoor levels of several important air pollutants can be as high or higher than outdoor levels." The "low level of [Federal] effort is particularly difficult to understand."
A 1980 report to the Congress by the Comptroller General suggests a reason:
-26-"While Federal officials agree that indoor air pollution poses a potentially serious health problem, they have been reluctant to invest resources to study it because they lack clear responsibility for addressing the problem."
Finally, in respect to the role of industry, ASHRAE said in 1982 that:
"While some incentives do exist in the private sector to conduct research and develop products related to indoor air quality government has an important leadership role to sponsor research on indoor air quality, its human health consequences, and to advance the technology of contaminant control. No single professional society, manufacturing association, trade association, or branch of industry has the comprehensive interest, resources and competence in indoor air quality technology to insure that a well-funded systematic research program is conducted."
The message is clear: That indoor air pollution can have substantial health consequences, and that a more substantial and comprehensive research program of: 1) characterization (of sources, pollutant behavior, and control techniques--including the effect of various building design features), 2) monitoring, 3) health studies, and 4) control strategies must be undertaken through a coordinated Federal effort. As ASHRAE says, "once [Federal] research has identified the needs for better solutions for improved health, the private sector will respond with improved, innovative, cost-effective solutions."
General Responsibilities for Research on Indoor Air Quality
Several Federal agencies have implicit or explicit responsibilities for research on indoor air quality. The significance of current levels of indoor pollutants and the potential for increases due to measures that increase the efficiency of energy use in buildings caused two agencies, the Department of Energy (DOE) and the Environmental Protection Agency (EPA), to start significant research efforts on indoor air quality. (Both efforts were substantially decreased in size in 1981, exactly the opposite of the recommendations cited above.) Because of its explicit responsibility for research on energy conservation, and its specific role in research on building design and performance as related to energy, DOE has established a substantial and unique competence to examine the factors affecting indoor pollutant concentrations. This focuses generally on sources, removal mechanisms and control techniques, and specifically on building design, ventilation rate (or its reduction), and air-cleaning systems. On the other hand, because of its general mandate for environmental protection and its specific responsibility for and competence in control of outdoor ("ambient") air pollution, the EPA has a substantial role to play in monitoring, risk assessment, and--together with other agencies and industry associations--formulation of control strategies.
Most of the research needs cited above by the National Academy of Sciences and much of those cited by ASHRAE fall squarely into the area in which DOE has established unusual competence, i.e., detailed research -27-characterizing indoor pollutant behavior and its relation to energyefficient building design. This competence includes not only laboratory investigations and field testing of the influence of ventilation on indoor air quality, but also the implications of this work for design of large-scale field studies. This is true even though wide-scale general monitoring and associated regulatory responses (except to the extent this involves building design parameters, per se) must be construed to be a joint responsibility of the federal agencies.
Focusing on DOE and EPA is not intended to minize the responsibilities of other agencies, some of which, in particular the Consumer Product Safety Commission (CPSC) and the National Institute of Environmental Health Sciences (NIEHS), have made substantial commitments to work on indoor air quality. In effect, a spectrum of work is required in this area, and several agencies have explicit responsibilities for various aspects of pollutant characterization, monitoring, health studies, and formulation of control strategies. As indicated above, DOE is understood to have responsibility for exam1n1ng how changes in building design (whether construction materials, appliance, or ventilation techniques) that are intended to save energy also affect indoor air quality. DOE has therefore developed a unique capability for examining how proposed or possible changes in building design affect indoor pollutant concentrations.
The other side of the fundamental research picture is to investigate the health effects of indoor pollutants using epidemiological studies, clinical and animal studies, etc. While a variety of such work relevant to indoor exposures has been performed by several agencies (e.g., parts of DOE have historically investigated health effects of radiation, modeled exposures due to combustion products, etc.), NIEHS in particular has undertaken substantial basic work on the health effects of indoor pollution as a general problem. The NIEHS work is oriented toward exposure measurement and health effects analysis at a more fundamental level than the monitoring and risk assessment generally associated with the EPA.
Another agency with responsibilities on indoor pollution is CPSC, which has a well-defined mandate to assure product safety. Consequently, materials and appliances used in buildings fall within their purview. In some cases, the CPSC's work related to indoor air quality is an examination of products after they become available.
(For this reason, industry has a clear incentive to consider indoor air quality as one basis for developing products that will pass such an examination.) In other instances, CPSC could set performance requirements for new products. Such CPSC activities have required significant research efforts, · 5 -sometimes in-house and at other times in cooperation with other agencies (such as DOE) that have developed a suitable capability because of a common interest.
Other agencies also have interests in indoor air quality. The Department of Housing and Urban Development (HUD) has a a clear interest in buildings, an interest that now lies more in the direction of implementation than toward research or assessment. The National Institute for Occupational Safety and Health (NIOSH) performs work on monitoring and control of exposures in occupational settings, a responsibility that can be construed to apply to commercial buildings (including office environments) and, in any case, involves capabilities that are relevant (if not directly applicable) to monitoring of indoor pollutants.
HUD's interest in implementation, CPSC's responsibility for product safety, EPA's mandate for environmental protection, and DOE's investigation of the effects of building design on indoor pollutant concentrations is indicative of an ambiguity in responsibilities for indoor air quality research or--in this case--associated measures for public protection.
Such ambiguity is by no mean peculiar to indoor air quality, but rather is characteristic of other questions of health or environmental protection.
The agency interests just named all lie in the are of formulating strategies to assure adequate indoor air quality. They reflect genuine and appropriate, but differing, responsibilities of the various agencies. And, although EPA can (and ought to) be construed to have a general mandate to protect the public, the other entities named have differing areas of responsibility in respect to contributing to this protection which--with proper acceptance of these responsibilities and an appropriate level of coordination--can ·complement each other, rather than clash. Moreover, with these differing responsibilities are associated specific and substantial capabilities that, if fully utilized, will contribute to a sounder and more timely program of research and protection of the public.
Research on Indoor Air Quality as it Relates Building Design and Energy Conservation
The central DOE responsibility has been to characterize the dependence of indoor pollutant concentrations on building factors related to energy. To a greater or lesser degree, every pollutant has such dependence, if only through the ventilation rate and other factors related to the building heating or cooling systems. In addition, many of the pollutant entry rates (for combustion products, radon, and organics) are affected directly by building features that are energy related--including again, ventilation conditions. The characterization of specific control techniques is an integral part of this work.
Thus, central to effort on energy conservation and indoor air quality should be characterization of the dependence of indoor levels on sources, ventilation rates, and other removal mechanisms (e.g., a filter in the HVAC system or an energy recovery system). Much of this can be accomplished by laboratory-based studies, supported by selected field efforts that determine in practical situations the effect of energy-related features (e.g., infiltration reduction). This intermediate level of investigation, i.e., moderately-intensive laboratory studies and selected field efforts, is appropriate in direct connection with the programs on energy conservation in buildings, such as those carried out by DOE's Office of Conservation and Renewable Energy. It contrasts with broad-scale monitoring programs (of either DOE or EPA) or more intensive pollutant characterization studies, such as those carried out by the Office of Health and Environmental Research. Associated with the efforts on conservation should be a modest effort devoted to: development of simple monitoring techniques (which are useful for the selected field studies just mentioned), design of larger survey efforts (which would actually be -29-performed together with others, e.g., as part of a national survey), and construction of a data base on house features and ventilation/ pollutant measurements that would constitute a functional model of the housing stock.
The work just mentioned is necessarily supported by more fundamental characterization efforts, such as those funded by DOE/ER/OHER on radon behavior, by efforts to simulate indoor air pollutant behavior by developing realistic physical models, and by examining the potential health effects of indoor pollutants as a partial basis for selecting acceptable building design features.
Note that several of these efforts, some of which have been supported by DOE until now, provide connections with other agencies, e.g., survey design and health risk assessment, both of which are related to NIEHS and EPA. The data base development, in addition, would directly involve industry organizations.
The research needs set forth below begin with projects that are explicitly related to energy conservation in buildings, then go on to basic characterization or health studies that support this work.
Each of these areas has been the subject on continuing work at Lawrence Berkeley Laboratory or is a developing area in which new effort is appropriate.
Building Energy Conservation and Indoor Air Quality
Radon --laboratory and field measurements of radon sources and concentrations in conventional and energy-efficient housing; identification, through geographic and geologic assessment, using aerial radiometric data, of regions in U.S. likely to have high radon concentrations; experimental study of radon entry into houses and of associated control techniques. (Work in this area is now supported by DOE/CE, and is complemented by support from DOE/ER/OHER on radon daughter behavior and from Bonneville Power Administration [BPA] for FY83.)
Residential combustion appliances --characterize pollutants emitted by indoor combustion processes, emphasizing study of concentration behavior as affected by ventilation conditions. Examines emissions from gas stoves/ovens, unvented gas-fired heaters, kerosene heaters, and wood stoves. (Work in this area is not now supported by DOE/CE; related efforts are being carried out for DOE/ER/OHER, described below, and CPSC.)
Building material emissions --measure emissions from elected building materials and correlate with observed concentrations in home and office environments, examining dependence of emissions/concentrations on ventilation rates, humidity, and temperature; instrumentation development. (This work, to which renewed efforts have been devoted in the last year, does not have commitments for support beyond this calendar year.)
Passive samplers --develop low-cost, portable, usually passive, samplers suitable for measuring indoor air quality in research and energy-conservation programs;~~t ~~d evaluate commercially-available -30-v monitors for suitability in indoor air quality monitoring; see also survey design, below. Development or characterization of monitors for N0 2 , formaldehyde, CO, water vapor, etc. (DOE/CE's support of these efforts and of LBL's passive monitor test facility is being closed out.)
Control techniques --evaluate the energy performance, contaminant control capabilities, and economic performance of indoor air quality control techniques; assess feasibility of new techniques, emphasizing study of ventilation and active air cleaning systems. Includes study of air-to-air heat exchangers, filtration and washing systems, other heat recuperation devices. (This work has no commitment of funding from DOE/CE beyond FY83; heat exchanger work for DOE is being closed out. Short-term funding from DOE/EP, BPA, and EPA extends partially into FY84.)
Survey design --examine application of passive monitor packages in connection with energy-conservation programs or other large-scale survey programs; formulate approaches to statistically-valid selection of monitoring sites, interpretation of data, and handling of samplers; support for specific DOE programs, as well as large-scale programs in which DOE participates, such as a national survey of indoor air quality. Undertaking work in the foregoing areas would require a higher level of funding than has been forthcoming in the last two years from DOE/CE.
Basic Characterization'and Health Studies
Indoor air pollution health effects --characterize indoor air pollution and develop strategies to make assessments of health and exposure implications of indoor air pollution, especially as affected by energy-related features; has emphasized combustion products, with some assessment of radon risks; now emphasizing overall indoor air quality risk analysis, with specific interest in approaches to improving information on health effects of combustion products, radon progeny, and organics. (Continued support from DOE/ER/OHER.)
Radon characterization --investigate through laboratory and field studies the behavior of radon and radon progeny; conduct studies in a research house of attachment of radon progeny to particles and deposition on indoor surfaces; related instrumentation development, numerical modeling, and studies of air movement, all oriented toward influence of building design factors. 
